Introduction
Similarities in genome organization and replication strategy permit viruses to be organized into ' super-groups ' -often including both animal and plant viruses. This article is the first in a planned series of reviews on virus-encoded proteinases of the major super-groups ; in it we discuss the proteinases of the picornavirus supergroup (picorna-, como-, nepo-, poty-and bymoviruses) . In forthcoming reviews the proteinases of the flavivirus group (flavi-, pesti-, hepatitis C and G viruses), alphavirus supergroup (alpha-, caliciviruses and a wide range of plant viruses), corona-and arteriviruses, retroviruses and DNA viruses will be discussed. Although several reviews have been published on virus-encoded proteinases Hellen et al., 1989 ; Kay & Dunn, 1990 ; Palmenberg, 1990 ; Dougherty & Semler, 1993) , we hope to provide the reader with an up-date to this rapidly advancing area of virology, and, give a slightly more molecular and evolutionary ' spin ' to the content.
The understanding of virus-encoded proteinases was given fresh impetus by a series of publications detailing the alignment of such sequences with those of cellular proteinases. Work by A. E. Gorbalenya and colleagues and G. F. Bazan and R. J. Fletterick gave entirely novel and important new insights into the structural, mechanistic and evolutionary relationships amongst virus-encoded proteinases and with cellular proteinases. The first part of this review gives a brief outline of the catalytic mechanisms and the types of residues found in the active sites of each type of the cellular proteinases to assist the reader in interpretation of the sequence alignments -particularly conserved residues in regions thought to form the active sites of virus-encoded proteinases. Due to the large number of sequences available for certain virus proteinases it is not practicable to present alignments including all sequences. Full sequence alignments are available by e-mail (martin.ryan!st-and.ac.uk) or by anonymous FTP from ftp.stand.ac.uk\pub\mdr1. Algorithms are available which may predict secondary structural features more accurately from multiple aligned sequences rather than from individual examples (Di Francesco et al., 1996) . Although structural data Author for correspondence : Martin Ryan.
Fax j44 1334 463400. e-mail martin.ryan !st-and.ac.uk are available for a very few virus-encoded proteinases, the design of many experiments may be assisted by the comparison of sequence alignments with the structures which are available for cellular proteinases, or related virus-encoded proteinases as they become available.
Types of proteinases
Cellular proteinases have been organized into four types on the basis of their active site nucleophiles. It is clear, however, that, although only four types of nucleophiles are used, biology has arrived at many different solutions to the problem of forming structures capable of generating these nucleophilic species. Whilst the constraints of sterochemistry impose rigid structural criteria upon the functional groups of residues involved in catalysis, this is certainly not the case for the remainder of the structure. Indeed, the wheat serine carboxypeptidase II shows a folding pattern much more similar to the metalloproteinase carboxypeptidase A than that of a conventional serine proteinase (Liao & Remington, 1990) .
Proteinases may be of the exo-or endo-variety : exoproteinases remove residues from either the N or C termini of proteins (usually in a progressive manner), whereas the endoproteinases cleave at internal sites. The specificity of this reaction is imparted by the substrate binding pocket of the proteinase which interacts with substrate residues flanking the scissile bond. This interaction may lead to an extremely low specificity such as proteinase K (-X H Y-), where both residues are non-specific but X is preferred as an aliphatic, aromatic or other hydrophobic residue, or a much higher specificity.
The accepted system for reference to individual substrate binding sub-sites and residues of the substrate flanking the scissile bond is used here : S " , S # etc. refer to proteinase subsites which bind residues of the substrate progressively Nterminal of the scissile bond. S " h, S # h etc. refer to proteinase sites binding substrate residues progressively C-terminal of the substrate scissile bond. Residues of the substrate are termed P " , P # , etc. progressively N-terminal of the scissile bond, and P " h, P # h, etc. progressively C-terminal of the scissile bond (Schechter & Berger, 1967) .
(i) Serine proteinases. Sequence alignment and structural studies have defined two major classes of serine proteinase ; the ' large ' sub-group connotes proteinases with similarities to (ii) Cysteine (thiol) proteinases. In the thiol proteinases, such as papain, the sulphydryl group of the active site cysteine shows high nucleophilicity -the sulphur atom forming a thiolate anion\imidazolium couple with His"&* at neutral pH. In papain the amide oxygen of the Asn"(& side-chain is hydrogen bonded to His"&* forming an Asn"(&-His"&*-Cys#& triad (Fig. 1, panel B) , analogous to the Asp-His-Ser triad described above. The Asn"(&-His"&* hydrogen bond is approximately collinear with the Cγ-Cβ bond of His"&* allowing some rotation of the imidazole ring about this axis without disrupting the bond. Indeed, the function of Asn"(& may be modulation of the rotation of the imidazole ring during catalysis. The electrostatic contribution of the oxyanion pocket in cysteine proteinase catalysis appears to be somewhat less than that in serine proteinase catalysis (Menard et al., 1995) . In papain the oxyanion pocket dipoles are derived from the main-chain amide of Cys#& and the side-chain amide of Gln"*.
(iii) Aspartyl (acid) proteinases. In the acid proteinases, such as chymosin B or renin, a catalytic diad is observed composed of two aspartate residues. Catalysis proceeds by a general acidgeneral base mechanism in which a water molecule attacks the carbonyl of the scissile peptide bond -the aspartate sidechains assisting in the protonation of the scissile carbonyl oxygen and protonation of the amine leaving group to form the cleaved products (Fig. 1, panel D) . In cellular enzymes the aspartates are from each half of a bi-lobed structure, with an approximate diad axis of symmetry passing through the active site centre. In this mechanism at no stage is the substrate covalently bound to the enzyme (as is the case for the proteinases described above).
(iv) Metallo-proteinases. It is quite possible that zinc is the catalytically active species in the natural form of all metalloproteinases, although some such enzymes retain their activity when zinc is replaced by other metals such as cobalt. The active site of carboxypeptidase A contains a zinc atom bound by two histidine and one glutamate side-chains (His'*, His"*', Glu(# ; Fig. 1 , panel C) and a fourth ligand, water. Catalysis proceeds by nucleophilic attack of the Zn# + -bound water on the scissile carbonyl bond. The active site contains a positively charged group (Arg"#() stabilizing the oxyanion in addition to a general base (Glu#(!) which deprotonates the Zn# + -bound water. Like the acid proteinases at no stage during catalysis is the substrate covalently bound to the enzyme.
Virus proteinases : general concepts
The development of translation systems in vitro permitted the first clear biochemical demonstrations that the specific proteolytic processing of RNA virus proteins, suggested some 10 years previously (Summers & Maizel, 1968) , could be mediated by a virus-encoded rather than cellular proteinase (Pelham, 1978) . Autoproteolysis is just one of many methods RNA viruses have developed to regulate protein biogenesis.
Polyprotein domains containing proteins with distinct, linked functions (capsid proteins, replicative proteins) which are separated co-translationally by autoproteolytic processing may be separated in other virus groups by the generation of sub-genomic mRNAs, or by being encoded on separate genome segments. The ' early '\' late ' genetic (transcriptional) regulation of protein expression characteristic of many DNA viruses may be substituted by biochemical regulation : the activity or substrate specificity of virus-encoded proteinases may be altered during the infectious cycle to generate different sub-sets of proteins (functions) from a single precursor form. Indeed, different proteolytic processing pathways could occur simultaneously in different regions of infected cells with different concentrations of trans-acting factors -a spatial rather than temporal effect.
As our knowledge of RNA virus proteinases has increased a number of features have become apparent : (i) they may function as discrete proteins or, more commonly, as proteolytic domains of larger forms ; (ii) these larger forms themselves may represent alternative processing products ; (iii) proteinase activities may be different depending upon which type of larger form of the proteinase domain is present ; (iv) their activity or substrate specificity may be modified by binding other virus proteins or RNA ; (v) virus-encoded proteinases may cleave host-cell proteins modifying or inhibiting host-cell functions ; (vi) their activation may be delayed until a special environment is encountered (i.e. during capsid morphogenesis) ; and (vii) they may cleave in an intramolecular manner (in cis), or in an intermolecular manner (in trans) -although the catalytic mechanism of such cleavages is the same.
Processing reactions occurring in cis are characteristically rapid and, since the cleavage site and the proteinase are parts of the same molecule, follow zero-order kinetics -the reaction being insensitive to dilution. The cis cleavage site may be proximal (either terminus of the proteinase) or distal -in the case of poliovirus 3C proteinase some hundreds of residues distal from the active site nucleophile in the primary structure. Processing reactions occurring in trans are characteristically slower, follow second-order kinetics, are sensitive to dilution, are more sensitive to inhibitors and generally show a greater sensitivity to sequence variations flanking the scissile amino acid pair.
In summary, virus-encoded proteinases are responsible for highly specific and regulated proteolysis of other virus protein precursor molecules and may control the biogenesis of different, alternative, functions from the same precursor. Additionally, they may have specific cellular protein targets which, when cleaved, result in a modification of cellular macromolecular processes to promote their own replication cycle. What makes them particularly interesting lies, perhaps, in the following aspects : (i) unlike cellular proteinases, they may show a high degree of regulation by interaction with other virus proteins and\or nucleic acid ; (ii) structural and mechanistic aspects -in some cases (see 3C proteinase below) a combination of protein architecture and catalytic mechanism not observed in cellular enzymes, and in other cases a molecular mimicry of cellular enzymes.
Picornavirus proteinases
The picornaviruses encode all of their proteins in a single, long open reading frame. Full-length translation products are not observed, however, due to extremely rapid co-translational, intramolecular (in cis), or ' primary ' cleavages (Fig. 2) . Subsequent ' secondary ' processing of the primary cleavage products may occur either in cis or in an intermolecular fashion (in trans). Such processing of the replicative protein precursor forms (P2 and P3) may be regulated to follow alternative, mutually exclusive, pathways to generate different sub-sets of biochemical functions from the same type of precursor molecule. The genera within this family show differences in their genome organization (reviewed by Stanway, 1990) , particularly in relation to their proteolytic activities. Picornavirus polyproteins contain three ' recognizable ' types of proteinase -the L, 2A and 3C proteinases (L pro , 2A pro and 3C pro , respectively). Additional cleavages (1A\1B and aphtho\cardiovirus 2A\2B) are mediated in an apparently enzymeindependent manner (see below). For other reviews on picornavirus polyprotein processing the reader is directed to Palmenberg (1990) and Lawson & Semler (1990) -the latter giving a concise account of the development of the field. Residue numbers referred to below are for those of poliovirus proteins or those residues from proteins of other virus groups which align with poliovirus. Picornavirus sequences referred to below may be obtained from the picornavirus WWW pages at the Institute for Animal Health, Pirbright Laboratory, UK (http :\\pc0253.avri.bbsrc.ac.uk\index.htm).
(i) Aphthovirus L proteinase. Burroughs et al. (1984) showed that aphtho-or foot-and-mouth disease virus (FMDV) polyproteins were processed by more than one type of proteinase.
The aphthoviruses, together with equine rhinoviruses (ERV) 1 and 2, possess a proteinase (L pro ) at the N terminus of the polyprotein not found in other genera. L pro cleaves cotranslationally at its own C terminus (Strebel & Beck, 1986) and exists in at least two forms : Lab pro and Lb pro derived from initiation of translation at either of two in-frame AUG codons located 84 nucleotides apart (Clarke et al., 1985 ; Sangar et al., 1987) . The Lb pro form (and quite possibly the Lab pro form) undergoes a post-translational modification by a carboxypeptidase B-like activity producing Lbh (and possibly Labh ; Sangar et al., 1988) . Both the Lab pro and Lb pro forms are able to cleave at the L\P1 junction either in cis or in trans (Medina et al., 1993 ; Cao et al., 1995) . Residue numbers quoted below refer to Lab. Gorbalenya et al. (1991) suggested a relationship between L pro and thiol proteinases. This hypothesis was confirmed by site-directed mutagenesis showing that Cys&" and His"%) were the active site residues (Piccone et al., 1995 ; Roberts & Belsham, 1995) . In the former publication Lb pro was modelled onto the papain three-dimensional structure and residues Glu(' and Asp"'% were suggested to be involved in proteolysis by playing a role in substrate binding. Analysis of an alignment of FMDV L pro with the equivalent region of the ERV-1 and -2 polyproteins (Fig. 3) shows complete conservation of the active site Cys&" amongst the FMDV and ERV sequences but not His"%) -aligned for all sequences except ERV-2. In this case the only ' candidate ' histidine residue appears to be misaligned by 9 residues implying a large deletion in the 14 residue strand that, in papain, joins the α-helix (Gly"%) Leu"%$) and β-sheet (Asp"&) Ala"'$) features. The alignment predicts the oxyanion pocket to be composed of the side-chain amide of Asn%', which is totally conserved amongst all the virus sequences (analogous to Gln"* of papain ; Fig. 1 ) and the main-chain amide of Cys&". The third member of the catalytic triad of papain (Asn"(&) aligns with Asp"'% of the virus sequences and is totally conserved. Interestingly, this aspartate Fig. 3 . L proteinase alignments. The L proteins of the foot-and-mouth disease viruses and equine rhinoviruses are aligned together with a partial alignment with the cellular thiol proteinase papain. Active site residues (and other residues referred to in the text) are indicated by asterisks. Identical residues are in boxed areas whereas similar residues are in shaded areas. Sequences were aligned (not papain) using CLUSTALW (Higgins et al., 1991) .
residue was mutated to (the papain-like) asparagine and found to be almost wild-type in L\P1 cleavage activity (Piccone et al., 1995) .
Not altogether surprisingly L pro has another function besides cleaving itself from the nascent polyprotein and this trans activity is the same as one identified previously for the 2A proteinase of the entero-and rhinoviruses -cleavage of the host-cell protein eIF-4G (discussed in greater detail in the following section). It is intriguing that this activity is conserved between the aphtho-and entero-\rhinoviruses but that (i) the proteinase with eIF-4G cleavage activity is transposed between the two types of polyprotein and (ii) aphthovirus L pro is recognizably of a thiol-type proteinase structure whilst the 2A pro is thought to resemble a proteinase of the sub-class of small serine proteinases -perhaps a striking example of convergent evolution. The cleavage site within eIF-4G differs between the two types of proteinase -L pro cleaving between residues Gly%(* and Arg%)!, whilst 2A pro cleaves between Arg%)' and Gly%) ((Kirchweger et al., 1994) .
(ii) rhinovirus 2A proteinase. In the case of the enteroand rhinoviruses, a primary cleavage occurs between the P1 capsid protein precursor and the replicative domains of the polyprotein (P2, P3 ; Fig. 2 ) at a tyrosine-glycine scissile pair. This cleavage is mediated by a virus-encoded proteinase (2A pro ), of some 17 kDa, cleaving at its own N terminus (Toyoda et al., 1986 ; Sommergruber et al., 1989) . In addition, a processing intermediate form derived from the P3 precursor of both rhino-and enteroviruses may be processed by 2A pro at a tyrosine-glycine scissile pair within 3D to yield not the 3C proteinase (3C pro ) and polymerase (3D pol ) but 3Ch and 3Dh (McLean et al., 1976 ; Rueckert et al., 1979 ; Hanecak et al., 1982) . The significance of this cleavage is not clear and appears to be strain-specific -some polioviruses producing appreciable quantities of 3Ch and 3Dh whilst others appear not to utilize this pathway -although all entero-and rhinovirus polymerases sequenced to date conserve this tyrosine-glycine pair (interestingly, this pair is not conserved in the aphtho-or cardiovirus 3D pol sequences, which do not possess this type of 2A). Mutation of this pair did not, however, affect the growth of poliovirus -in tissue culture -and produced an apparently entirely parental phenotype (Lee & Wimmer, 1988) .
The nature of this proteinase was not known but sequence similarities between the sub-class of small cellular serine proteinases and 2A pro were identified suggesting a 2A pro catalytic triad composed of His#!, Asp$) and, interestingly, an active site nucleophile of cysteine (109), rather than serine (Bazan & Fletterick, 1988) . Indeed, inhibitor studies showed 2A pro to be inhibited by compounds known to be active against thiol proteinases : iodoacetamide and N-ethylmaleimide (Konig & Rosenwirth, 1988) . The role of these residues in catalysis was confirmed by site-directed mutagenetic analyses (Sommergruber et al., 1989 ; Hellen et al., 1991 ; Yu & Lloyd, 1991 . Recent characterizations of the enzyme have shown 2A pro to be a zinc-containing enzyme and the metal ion to play an essential structural, rather than mechanistic, role (Voss et al., 1995) .
Analyses of the proteolysis of peptide substrates and sitedirected mutagenesis experiments have shown the enzyme has preferred, rather than strict, requirements for specific amino acids near the cleavage site. Only branched amino acids (Val, Ile) were not readily accepted at the P1 site (Skern et al., 1991) , although substitution of the P1h residue (glycine in all enteroand rhinoviruses) results in inefficient P1\2A cleavage in cis -the effect being most marked by substitution with amino acids with bulky side-chains (Skern et al., 1991 ; Hellen et al., 1992) . Cleavage in trans, however, at the P1\2A or 3Ch\3Dh sites showed substitution at the P2 position greatly reduced proteolysis (Lee & Wimmer, 1988 ; Hellen et al., 1992) .
A second function of 2A pro was identified as inhibition of host-cell protein synthesis (Bernstein et al., 1985) which could be supplied in trans (or complemented ; Bernstein et al., 1986) and correlated with an earlier observation that this inhibition was mediated by cleavage of a 220 kDa polypeptide (latterly identified as eIF-4G) associated with the cap binding protein complex (Etchison et al., 1982) . Whilst reports in the literature indicated that 2A pro was not involved in eIF-4G cleavage or served as an activating factor for another (host-cell) proteolytic activity which cleaved eIF-4G (reviewed by Belsham & Sonenberg, 1996) , other experiments with cloned, expressed, enzyme and eIF-4G substrate have shown that both 2A pro and L pro can cleave eIF-4G in a direct, rather than by an indirect, manner (Lamphear et al., 1993 ; Sommergruber et al., 1994 b ; Kirchweger et al., 1994) . The function of cleavage of eIF-4G by 2A pro is to inhibit the cap-dependent mode of translation used -resulting in host-cell ' shut-off ' and selective translation of virus RNA [reviewed by Sonenberg (1990) ; Thatch (1992) ; Belsham & Sonenberg (1996) ].
The 2A proteinase has been shown also to be a transactivator of translation driven by a poliovirus internal ribosome entry sequence (IRES) at times when host-cell (cap-dependent) translation was not inhibited (Hambidge & Sarnow, 1992) . Genetic analyses showed that mutations within the 5h noncoding region of virus RNA could be compensated by secondsite mutations within the 2A region (Macadam et al., 1994) at times when cap-dependent translation was abolished -interpreted as a direct involvement by 2A pro activation of capindependent translation. The primary P1\2A cleavage mediated by 2A pro can be mimicked by the inclusion of a second IRES between P1 and 2A, or between 2A pro and 2B, to create a dicistronic poliovirus. Analyses of these viruses showed that although neither protein 2AB nor the entire P2 sequences need to be derived from the same cistron as the other replicative proteins, 2A pro appeared to be an essential component of virus RNA replication (Molla et al., 1993) . Analysis of viruses with point mutations introduced into 2A pro (Asp$) Glu ; Tyr)* Leu) showed a loss of cleavage activity in trans, but not in cis, and no RNA replication (Yu & Lloyd, 1991 ; Yu et al., 1995) . (Fig. 2) . Precursors spanning the 2A\2B cleavage site are not detected during native polyprotein processing. The sequences involved in this 2A\2B cleavage do not conform to any known proteinase motifs and show no sequence similarities with 2A pro of the entero-\rhinoviruses, although comparable in size. Although 2A proteins are highly conserved amongst Theiler's murine encephalomyelitis (TME) viruses and amongst encephalomyocarditis (EMC) viruses, only the C-terminal region is highly conserved across the cardioviruses. The C-terminal region of cardiovirus 2A is, however, highly similar to the much shorter 2A region of FMDV. The three C-terminal residues of aphthoand cardiovirus 2A proteins are completely conserved (-NPG-) whilst the N-terminal residue (proline) of the 2B proteins of both groups is, again, completely conserved.
Cleavage at the 2A\2B site of FMDV or TMEV polyproteins was shown to require neither the L nor 3C proteinases Roos et al., 1989 ; Ryan et al., 1989) . Analyses of recombinant FMDV polyproteins and artificial reporter gene polyproteins showed that a 20 amino acid oligopeptide sequence corresponding to the FMDV 2A region (together with the N-terminal proline of protein 2B) was able to mediate a co-translational cleavage (Ryan et al., 1991 ; Ryan & Drew, 1994) . Other studies have shown that deletion of the N-terminal 66 % of EMCV 2A did not abrogate cleavage at the 2A\2B site and that mutations within the conserved -NPGPsequence at the extreme C terminus of EMCV 2A abolished cleavage activity (Palmenberg et al., 1992) . Cleavage at the 2A\2B site of TMEV was highly efficient when only 2A and 2B sequences were present (Batson & Rundell, 1991) . The Cterminal 19 amino acids, together with the N-terminal proline of 2B from either FMDV, EMCV or TMEV, when inserted into an artificial polyprotein are able to mediate a co-translational cleavage with high efficiency (" 95 % ; Donnelly et al., 1997) . This raises the question why do cardioviruses possess a 2A region of some 150 amino acids whilst those of aphthoviruses are only 18 amino acids? Quite possibly the 2A protein of cardioviruses plays another role in the infectious cycle.
The mechanism of the aphtho-and cardiovirus 2A proteinmediated cleavage is not clear. What is clear, however, is that this represents an entirely novel form of cleavage mechanism -data suggesting that this cleavage is a single turnover event and, therefore, not enzymic sensu stricto (unpublished observations). The alternative mechanisms of cleavage are : (i) 2A is a proteolytic element cleaving the Gly-Pro peptide bond ; (ii) the 2A sequence represents a substrate for a host-cell proteinase specific for this particular Gly-Pro bond ; or (iii) 2A interrupts the elongation cycle during protein synthesis such that a peptide bond is not actually formed between the glycine and proline residues -if this is the case the use of the term ' cleavage ' in this particular section would assume an entirely different meaning. Site-directed mutagenesis\translation studies in vitro are in progress to determine how this ' type ' of picornavirus 2A mediates cleavage.
(iv) Hepatovirus, ECHO virus 22 and 23 2A protein. The corresponding primary cleavage between the capsid proteins precursor and the replicative proteins of hepatitis A virus is mediated not by hepatitis A virus 2A (for which no function is ascribed) but by the 3C proteinase (Jia et al., 1993 ; Schultheiss et al., 1994 ; see Fig. 2) . Similarly, the function of the 2A protein of the highly divergent ECHO virus types 22 and 23 is not known. Expression of the ECHO-22 virus [P1-2ABC] protein in vitro did not reveal any proteolytic activity .
(v) Picornavirus 3C proteinase. Virus-specific proteolytic activities were first described for EMCV (Lawrence & Thatch, 1975) and poliovirus (Korant et al., 1979) . This activity was shown to be associated with protein 3C in both EMCV (protein p22 ; Gorbalenya et al., 1979 ; Palmenberg et al., 1979) and poliovirus (protein P3-7c ; Hanecak et al., 1982) . All picornaviruses possess a 3C proteinase (3C pro ) which shows a high degree of sequence similarity across the genera. Like L pro and 2A pro , 3C pro mediates a single primary cleavage, although at a distal site -between 2C and 3A. One report suggests an alternative primary cleavage between poliovirus proteins 2A and 2B (Lawson & Semler, 1992) and we have unpublished data indicating a similar alternative primary cleavage between FMDV proteins 2B and 2C (M. D. Ryan & M. Flint, unpublished) . In the case of the hepatitis A viruses, however, 3C pro mediates the cleavage between the capsid proteins precursor and the replicative domains of the polyprotein (Schultheiss et al., 1995 b) .
Unlike other picornavirus proteinases, 3C pro is responsible for a series of secondary cleavages resulting in the processing of the capsid and replicative protein precursors. In the case of the polioviruses 3C pro -mediated cleavages occur at Gln-Gly pairs -by no means all of such pairs present within the polyprotein are processed, however, their position within the polyprotein domains being a determining factor. The processing of the poliovirus capsid protein precursor is, in fact, mediated not by 3C pro , but by 3CD pro (Jore et al., 1988 ; YpmaWong et al., 1988) . 3C pro from other genera is, however, able to process capsid protein precursors (Vakharia et al., 1987 ; Clarke & Sanger, 1988 ; Parks et al., 1989 ; Jia et al., 1991 ; Harmon et al., 1992) although the processing may be more efficient with 3CD pro (Ryan et al., 1989) . 3D is an RNAdependent RNA polymerase but in this context (uncleaved 3CD) the presence of 3D serves to alter the substrate specificity of 3C pro in the processing of capsid protein precursors in trans. 3C also retains proteolytic activity in the precursor forms 3ABC and P3 (Jackson, 1986 ; Parks et al., 1989) . The autoprocessing of 3CD pro to 3C and 3D can be greatly enhanced by the addition of purified 3AB protein, which also stimulates processing of protein 2BC (Molla et al., 1994) . The extent to which 3C pro was able to process precursors from other species was studied by the construction of chimeric polyproteins in which the region of the poliovirus cDNA encoding 3C was replaced by the equivalent sequences from human rhinovirus 14 (HRV-14) or coxsackievirus B3 (CB3). The poliovirus P2 precursor could be processed by both the HRV-14 and CB3 3C pro s, but the P1 capsid protein precursor was not processed by either HRV-14 or CB3 3C pro s (Dewalt et al., 1989) .
In addition to processing virus proteins, picornavirus 3C pro has been demonstrated to cleave a number of host-cell proteins : histone H3 (Falk et al., 1990 ; Tesar & Marquardt, 1990) , transcription factor IIIC (Clark et al., 1991) , TATAbinding protein (Clark et al., 1993 ; Das & Dasguta, 1993 ) and microtubule-associated protein 4 (Joachims et al., 1995) . Given the panoply of host-cell proteins present in an infected cell it is, perhaps, not surprising that some proteins are cleaved by 3C pro . The contribution to the efficiency of virus replication by such perturbations of host-cell macromolecular processes is, however, difficult to assess. These observations are, however, of great interest in the consideration of persistent or chronic picornavirus infections -cell-lines may indeed be generated expressing low levels of 3C pro MartinezSalas & Domingo, 1995) .
Characterization of 3C pro using proteinase inhibitors, either with virus-infected cells, in vitro translation systems programmed with virus or transcript RNA or purified enzyme preparations, showed rather confusing inhibitor profiles. Inhibition of proteolytic activity was observed with both serine and thiol proteinase inhibitors (Summers et al., 1972 ; Korant, 1972 Korant, , 1973 Pelham, 1978 ; Gorbalenya & Svitkin, 1983 ; Korant et al., 1985 ; Baum et al., 1991) . In addition, similarities between the large sub-class (trypsin-like) cellular serine proteinases and 3C proteinases were detected by sequence alignments (Gorbalenya et al., 1986 ; Bazan & Fletterick, 1988 ; Gorbalenya et al., 1988 Bazan & Fletterick, 1990) . Such alignments predicted both a chymotrypsin (serine proteinase)-like fold and the identity of the residues which would form a catalytic triad analogous to that of serine proteinases (Fig. 4) . The putative triad was predicted to be composed of (poliovirus numbering scheme) : (i) His%! -completely conserved amongst all sequences ; (ii) an acidic residue -predictions implicated Asp)& (Bazan & Fletterick, 1988) , or either Asp(" (aphtho-, cardioviruses) or Glu(" (entero-, rhinoviruses ; ; and, perhaps most interestingly (iii) the nucleophilic residue being a cysteine (147) -rather than a serine residue (an identical type of substitution for the entero-\rhinovirus 2A proteinase as described above). Site-directed mutagenesis experiments confirmed the roles in catalysis of His%! and Cys"%( and showed that such data supported the prediction of Gorbalenya : Asp(" in the putative triad of aphthoviruses and Glu(" in the triad of enteroviruses (Cheah et al., 1990 ; Lawson & Semler, 1990 ; Hammerle et al., 1991 ; Kean et al., 1991 Kean et al., , 1993 Grubman et al., 1995) .
An entirely unexpected property of this enzyme was discovered by the analysis of mutations suppressing the effect of a four base insertion within the 5h non-coding region of the RNA genome. Such suppresser mutations were shown to be active in cis and mapped within 3C pro . Latterly, it was demonstrated that these mutations were affecting the binding of 3CD pro , rather than 3C pro , to positivestrand RNA (Andino et al., b, 1993 and that these mutations mapped to multiple sites within the 3C pro primary structure (poliovirus numbering scheme) : His$", Asp$#, Lys)#-Ile)', Thr"&%-Lys"&', Ala"(" and Arg"(' (Andino et al., a, b, 1993 Leong et al., 1993 ; Walker et al., 1995) . The RNA binding properties of 3CD pro are dependent upon the host-cell protein EF-1α (p50) or p36 (an N-terminal fragment of p50). This host factor could be replaced by poliovirus protein 3AB and the [3AB : 3CD pro ] complex also was able to bind sequences at the 3h terminus of the poliovirus genome (Harris et al., 1994) .
(vi) The atomic structure of picornavirus 3C proteinase -a catalytic dyad or triad? The resolution of the atomic structures of the HRV-14 (Matthews et al., 1994) and hepatitis A virus 3C proteinases (Allaire et al., 1994) confirmed the predicted chymotrypsin-like fold of the enzyme but appeared (in some respects) to cloud, rather than resolve, the issue concerning the catalytic mechanism. The structures of the enzymes were similar and showed an N-terminal α-helix not found in trypsin or α-lytic proteinase (Fig. 4) . In the case of the HRV-14 3C structure the side-chain of His%! showed two alternative conformations. In one conformation the imidazole ring was oriented such that the Nε2 proton hydrogen bonds to the thiol of Cys"%', whereas in the other conformation the Nε2 proton hydrogen bonds to the syn-oriented electron lone pair of the Glu(" carboxylate -the authors suggesting that conformational mobility of the His%! side-chain may play a role in catalysis. Glu(" is totally conserved in alignments of enteroand rhinovirus 3C pro s (lineage ' A ' ; see Fig. 7 , panel A, and below) with the exception of ECHO viruses 22 and 23. The Glu(" side-chain is oriented differently from the (shorter) Asp side-chains in serine proteinases such that the carboxylate group forms a hydrogen bond using the anti-oriented electron lone pair. This type of hydrogen bond is unusual -all carboxyls in Asp-His-Ser triads are in the syn-orientation. This unusual conformation of the side-chain of Glu(" is stabilized by an interaction by (i) the main-chain NH of His%! and the Oε1 of Glu(" and (ii) the side-chain NH of Asn'* and Oε2 of Glu(". Asn'* is not conserved amongst picornavirus 3C pro s alignments suggesting either : (i) substitution by serine or proline in the case of the enteroviruses, (ii) substitution by lysine in other rhinoviruses, (iii) absent (gap character) in aphthoviruses and (iv) substitution by phenylalanine in the hepatitis A viruses. In comparison with serine proteinases the HRV-14 3C pro oxyanion hole, formed by the -GxCG[G\S\A]-motif conserved amongst picornaviruses and the Cys"%' side-chain is displaced by some 1n2 A H from His%!, although with a similar alignment. Fig. 4 . 3C proteinase alignments. All available picornavirus 3C sequences were aligned using CLUSTALW. Only a representative sequence of the entero-(poliovirus type 1 ; PV1), rhino-(human rhinovirus-14 ; HRV-14) and hepatovirus (hepatitis A virus ; HepA) groups is shown in alignment. The structural features determined for the hepatitis A virus and HRV-14 3C proteinases are shown above and below the alignment, respectively. Active site residues predicted initially by sequence alignment, latterly by determination of the atomic structures, are also shown (shaded boxes).
Molecular modelling analyses of the substrate binding pocket showed that the P " residue (normally Gln or Glu) fits into a shallow pocket flanked by βE # , βF # and the loop connecting βC # to βD # (see Fig. 4 ). The side-chain of the P " residue is hydrogen bonded by His"'! (completely conserved) and Thr"%" (threonine in all entero-, rhino-, aphtho-and cardioviruses, serine in ECHO 22, 23 viruses and glycine in hepatitis viruses). Residues P # -P & interact with sections of the chain between βB # and βE # , whilst residues P " h and P # h are positioned between βB1 and the loop composed of Thr"%$, Gly"%% and Gln"%&. The side-chain of the P # residue is bound at the aperture of the cavity within the proteinase which can accommodate residues with bulky aromatic side-chains. The side-chain of the P % residue is oriented towards a shallow pocket lined by the hydrophobic side-chains of Ile"#%, Leu"#'
and Phe"'* -favouring small, hydrophobic side-chains in the P % position. These conclusions are in agreement with proteolysis studies using synthetic peptides (Long et al., 1989) . The P " h and P # h residues (normally Gly-Pro in the entero-and rhinoviruses) are thought to form a turn orienting the substrate toward a second side depression -without counterpart in the serine trypsin-like proteinases.
Mutations shown to affect RNA binding (see above) were located within the atomic structure on the opposite side to the catalytic site. The majority of these mutations were observed in a domain interconnecting the two lobes of the proteinaselocated between the two (anti-parallel) helices of the N and C termini -and also clustered on the (exterior) loop connecting βD # and βE # -some 5 residues longer in hepatitis A virus than in HRV-14. Interestingly, this interconnecting region lies in close proximity to the N and C termini of the proteinase (Fig.  5) . It is tempting to speculate that the RNA binding loop in such close proximity to the termini may well play a role in determining which of the alternative P3 processing pathways is adopted -leading ultimately to the utilization of the polymerase 3D sequences either as a proteinase (3CD pro ) or a polymerase (3D pol ). The poorly understood mechanism whereby vRNA is packaged into the ' correct ' capsids during, say, a mixed virus infection may be directly connected to these phenomena : (i) a cis interaction between 3CD pro and the RNA by which it is encoded, and (ii) the specificity of 3CD pro for the correct P1 capsid protein precursor substrate. Perhaps the [3CD pro : vRNA] complex acts as a packaging ' nucleation ' point -processing P1 and packaging vRNA simultaneously.
The structure of the hepatitis A virus 3C proteinase showed a high degree of similarity to that of HRV-14 with relative insertions\deletions (predicted from sequence alignments) corresponding to structural features such as connecting loops or relatively minor differences in the lengths of β-sheets. For the purposes of the following section the hepatitis A virus 3C pro numbering scheme will be used. The most interesting difference occurred in the nature of the catalytic site. In the case of the HRV-14 the three-dimensional structure was derived from protein expressed in E. coli, forming inclusion bodies and being re-folded from 6 M guanidine.HCl. In the case of the hepatitis A virus 3C pro the structure was determined from a double mutant Cys#% Ser and Cys"(# Ala. The hepatitis A virus structure showed quite clearly, however, an alternative positioning of key residues within the active site to indicate a catalytic dyad (similar to the thiol proteinase papain), rather than a serine proteinase-like triad. The Asp)% of hepatitis A virus 3C pro in this lineage ' B ' of picornavirus 3C pro s (see 7, panel A) does not interact with His%% as one would have expected but the carboxylate group of the side-chain points away from His%% and is in strong interaction with the ε-amino group of Lys#!# and the main-chain amide of Asp"&) (Fig. 6) . Note : Lys#!# aligns with Ala"(" of HRV-14 -identified as being involved in RNA binding. The Nδ1 of His%% is hydrogen bonded to a water molecule (occupying the position of the carboxylate group of the aspartate residues of a serine proteinase-like triad), both being in close proximity to the phenolic hydroxyl group of Tyr"%$. This water molecule in fact forms hydrogen bonds with three species : (i) another water molecule, (ii) the backbone carbonyl of Asp)% and (iii) imidazole Nδ1 of His%%.
The picture to emerge from the analysis of the hepatitis A virus 3C proteinase structure is one of a complex electrostatic environment in the active site. Asp)% is completely conserved amongst lineage ' B ' of proteinases (Fig. 7, panel A) and was assumed to play a catalytic role equivalent to Glu(" of the entero-and rhinoviruses -as is observed in the HRV-14 atomic structure. The side-chain of Asp)% does not, however, form a member of a catalytic triad but is oriented away from the catalytic site -the position and function one might have expected it to have in order to be substituted by a water molecule. The observation that buried water molecules and their protein environments may be conserved amongst homologous serine proteinases suggests that they may be important elements of the whole structure and have been postulated to play a variety of roles -both structural and mechanistic (Sreenivasan & Axelsen, 1992) . The ' sequestration ' of the side-chain of Asp)% by Lys#!# and Asp"&) would leave the Nδ1 of His%% without a hydrogen bonding partnerfulfilled in the case of hepatitis A 3C proteinase by a water molecule.
Analyses of sequence alignments are shown as a rooted (Fig. 7, panel A) or unrooted phenogram (Fig. 7, panel B) with distances proportional to relatedness. Two lineages may be defined : lineage ' A ' -those sequences with glutamate in alignment with position 71 of poliovirus ; and lineage ' B ' -those sequences with aspartate in this position. Lineage A is a closely related series of sequences comprising entero-and rhinoviruses. Lineage B is much more diverse encompassing the aphtho-, cardio-and hepatoviruses together with ECHO Fig. 7(B)   Fig. 7 . Relationships between picornavirus 3C proteinases. Picornavirus 3C pro sequences were aligned using CLUSTALW and the relatedness was determined using PROTDIST (Felsenstein, 1991) . Relationships are shown as rooted (panel A) and unrooted (panel B) phenograms with branch lengths proportional to relatedness. viruses 22, 23 (recently split off from the enteroviruses into an as yet unnamed new genus) and ERV-1 and -2. The strong interaction between Asp)% and the side-chain of Lys#!# observed in the hepatitis A virus 3C proteinase structure cannot be conserved across other lineage B proteinases since lysine at position 202 is only observed in the hepatitis A virus 3C sequences in proteinase alignments.
Como-and nepovirus 24K proteinases
The genomes of como-and nepoviruses comprise two positive-sense RNA molecules. The replicative proteins are encoded by comovirus B RNA and nepovirus RNA-1 (Fig. 8) . Comovirus B RNA encodes a 200 kDa polyprotein which is co-translationally cleaved into 32 and 170 kDa (58KjVPgj 24Kj57K) proteins in an intramolecular reaction (in cis). The 170 kDa protein is subsequently cleaved into further processing intermediates and mature products. Nepovirus RNA-1 encodes a polyprotein of some 253 kDa showing the same organization as the comovirus B RNA polyprotein. The bipartite organization of these genomes may be regarded as functionally analogous to the primary proteolytic cleavage between the capsid and replicative protein domains of the picornavirus polyprotein. The enzyme responsible for the cleavages of the comovirus B and nepovirus RNA-1-encoded polyproteins has been identified as the 24K proteinase (Franssen et al., 1984 a ; Verver et al., 1987 ; Vos et al., 1988 ; Margis et al., 1991 ; Margis & Pinck, 1992) . The comovirus 24K proteinase activity is modulated by interaction with other virus proteins. The primary cleavage products (32 and 170 kDa proteins) remain associated and the presence of the 32 kDa protein in the complex both inhibits the subsequent processing of the 170 kDa protein and enhances the proteolytic processing (in trans) of the polyprotein (capsid proteins) derived from the M RNA (Peters et al., 1992) . The 110 kDa product (uncleaved 24K proteinase and 87K polymerase -analogous to picornavirus 3CD) when expressed from a sub-genomic cDNA construct in translation mixtures was stable. If sequences upstream of the 24K proteinase were re-introduced into the cDNA construct the cleavage at the proteinase\polymerase junction was enhanced (Dessens & Lomonossoff, 1992) , the effect being most marked when the C-terminal region of the 58K protein, the 58K\VPg cleavage site and entire VPg were present -perhaps a similar effect to the poliovirus 3AB-stimulated cleavage of 3CD 4 3Cj3D described above.
Alignment of como-and nepovirus 24K proteinase sequences together with picornavirus 3C pro (and other plant virus proteinases) allowed prediction of the serine proteinase chymotrypsin-like fold and the identity of functional residues (Franssen et al., 1984 b ; Argos et al., 1984 ; Greif et al., 1988 ; Bazan & Fletterick, 1988 . Sitedirected mutagenic analyses of the comovirus proteinase resolved ambiguities as to the composition of the putative catalytic triad. Analysis of proteolytic activities of 24K proteinases with mutations at His%!\His%%, Glu('\Asp*% and Cys"'' indicated a catalytic triad composed of His%!, Glu(' and Cys"'' (Dessens & Lomonossoff, 1991 ; see Fig. 9, panel A) . The relatedness of the como-and nepovirus 24K sequences (together with the levivirus rice tungro spherical virus -see below) is shown in Fig. 9 , panel B. The picornavirus 3C pro RNA binding domain (interconnecting loop linking βF " and βA # ; see Figs 4 and 6) containing the highly conserved -KFRDI(R\T)-motif may be represented by the conserved -FxxD-motif in the como-and nepovirus 24K proteinases (Fig. 9, panel A) suggesting that these proteinases may also bind RNA.
Parsnip yellow fleck and rice tungro spherical virus 3C-like proteinases
Attempts to align these 3C-like proteinase sequences with other virus proteinase sequences showed a close relationship between the rice tungro spherical virus proteinase (RTSV ; Shen et al., 1993) and those of the como-and nepoviruses (Fig.  9, panels A and B) . The alignment clearly shows the putative catalytic triad and other features described above. The parsnip yellow fleck virus (PYFV ; Turnbull-Ross et al., 1992) 3C-like proteinase could also be aligned with the picornavirus 3C sequences (Fig. 10) and, again, showed the putative catalytic residues and substrate binding pocket region in good alignment. PYFV sequences aligning with the picornavirus RNA binding region (-KFRDI-) shows little similarity.
Poty-and bymovirus proteinases
The potato virus Y family is composed of three genera : the monopartite poty-and rymoviruses and the bipartite bymo- . Como-and nepovirus 24K proteinase alignments and relationships. The 24K proteinases of como-and nepoviruses were aligned using CLUSTALW. Comoviruses : cowpea mosaic virus (CPMV ; Lomonossoff & Shanks, 1983) , red clover mottle virus (RCMV ; Shanks & Lomonossoff, 1990) and cowpea severe mosaic virus (CPSMV ; Chen & Bruening, 1992) . Nepoviruses : tomato ringspot virus (TomRSV ; Rott et al., 1995 ; Hans & Sanfaçon, 1995) , grapevine fanleaf virus (GFLV ; Ritzenthaler et al., 1991) , Hungarian grapevine chrome mosaic virus (GCMV ; Le Gall et al., 1989) and tomato black ring virus (TBRV ; Greif et al., 1988) . Levivirus : rice tungro spherical virus (RTSV ; Shen et al., 1993) . Active site residues (and other residues referred to in the text) are indicated by asterisks. Identical residues are in boxed areas whereas similar residues are in shaded areas (panel A). Phenogram plot with branch lengths proportional to relatedness (panel B).
viruses -with similar genome organizations (Fig. 11) . Potyviruses encode all of their proteins in a single, long open reading frame whereas bymoviruses have two polyproteinsone encoded on each of the RNA segments (reviewed by Riechmann et al., 1992) . Early work using in vitro translation systems provided evidence that the protein profiles observed were derived from proteolytic processing of a polyprotein (Vance & Beachy, 1984 ; Yeh & Gonsalves, 1985) derived from a single, long open reading frame (Domier et al., 1986 ; Allison et al., 1986 ; Lain et al., 1989 ; Maiss et al., 1989 ; Robaglia et al., 1989) . The potyvirus polyprotein contains no less than three distinct proteolytic activities in the form of domains of larger proteins.
(i) NIa proteinase. The NIa (nuclear inclusion protein a) or 49K proteinase of tobacco etch virus (TEV) aggregates within the nucleus of infected cells to form plate-like crystalline inclusions. The in vitro expression of transcript RNA derived from a series of sub-genomic cDNAs showed the 49K protein to be a proteinase ; moreover, this activity was located within the Cterminal half of the protein (Carrington & Dougherty, 1987 a ; Hellmann et al., 1988) . By similar analyses the NIa proteinase was shown to autoproteolytically process itself from the polyprotein (Carrington & Dougherty, 1987 b) . The cleavage sites within the TEV polyprotein all contained a -Glu-x-x-Tyrx-Gln H Ser\Gly sequence motif which forms a cleavage ' cassette ' which may be included within, or between, proteins to form a restriction proteinase site -cleaved in trans by NIa proteinase (Carrington & Dougherty, 1988 ). The precise sequence of this heptapeptide determines the rate at which the site is cleaved (Dougherty & Parks, 1989 ; Dougherty et al., 1989 a) . The 49K proteinase has also been used to construct self-processing artificial polyproteins in a manner similar to that of the FMDV 2A sequence (Marcos & Beachy, 1994 ; Ryan & Drew, 1994) and may be used as a ' restriction proteinase '. Alignments of potyvirus NIa sequences with other virus and cellular trypsin-like serine proteinases suggested a catalytic triad of histidine, aspartate and cysteine (Bazan & Fletterick, 1988 ; Fig. 12 ) with the histidine residue in the substrate binding pocket characteristic of a Glu-X substrate specificity. Site-directed mutagenic studies confirmed the importance of these residues for activity (Carrington et al., 1988 ; Dougherty et al., 1989 b ; Garcia et al., 1990) . A 27 kDa form of the proteinase was observed later in infection (Carrington & Dougherty, 1987 a, b ; Dougherty & Parks, 1991) . The N-terminal VPg domain of the NIa protein is cleaved from the C-terminal 27K proteinase domain at a suboptimal cleavage site. The proteolytic activity of the 27K form of the proteinase is similar to that of the 49K form (Dougherty & Parks, 1991 ). An unusual feature of the NIa proteinase is the relatively long C-terminal region following the catalytic cysteine residue. NIa proteinases are some 220 amino acids long whilst picornavirus 3C proteinases are some 183 amino acids -much of the extra length is accounted for in this potyvirus C-terminal extension. This C-terminal region does, however, undergo ' trimming ' removing some 20-24 amino acids from the C terminus (Parks et al., 1995 ; Kim et al., 1995) . The C-terminally truncated form of the enzyme was, however, some one-twentieth as active as the full-length form on test peptide substrates (Parks et al., 1995) . Previous studies had shown that the 113K precursor (uncleaved 6K-49K-58K, analogous to picornavirus 3ABDC) and its processing intermediates [(i) 107K (uncleaved 49K-58K, analogous to picornavirus 3BCD) (ii) 85K (uncleaved 27K-58K, analogous to picornavirus 3CD) and 54K (uncleaved 6K-49K, analogous to picornavirus 3ABC] were all proteolytically active (Parks et al., 1992) .
(ii) HC proteinase. The HC proteinase has been the subject of a recent review (Maia et al., 1996) and will, therefore, only be briefly discussed here. HC-Pro appears to perform only one cleavage within the potyvirus polyprotein -at its own C terminus (Carrington et al., 1989 a, b) . The proteolytic domain of potyvirus HC-Pro may be aligned with the cysteine proteinase domain present within the polyprotein encoded by bymovirus RNA-2 (Davidson et al., 1991 ; Fig. 13 ) and similarities to the autocatalytic p29 proteinase of the hypovirulence-associated dsRNA virus of chestnut blight fungus have been reported (Choi et al., 1991) . The order of the active site nucleophiles Cys$* and His""$ (numbering scheme used in Fig. 13 ) in the primary structure is taken as indicating a structural relationship with the thiol papain-like proteinases rather than having a serine proteinase chymotrypsin-like fold. It is interesting to note that the HC proteinase domains of the potyviruses, showing a high level of sequence similarity, appear to have sequence similarities (-VRD-) with the RNA binding region of the picornavirus 3C proteinases (-V\FRD-; see Fig. 13 ). The equivalent region of the proteinase domain of the polyprotein encoded by bymovirus RNA-2 does not, however, appear to contain this motif. This could correlate with HC-Pro : RNA binding in cis during the replication of ; Ghabrial, et al., 1990) ; barley yellow mosaic virus (BYMV ; Kashiwazaki et al., 1989) ; Johnson grass mosaic virus (JGMV ; Gough & Shukla, 1993) ; pea seed-borne mosaic virus (PSBMV ; Johansen et al., 1991) ; peanut stripe virus (PSV ; Gunasinghe et al., 1994) ; pepper mottle virus (PMV ; Vance et al., 1992) ; plum pox virus strain D [PPV(D) ; Teycheney et al., 1989] ; aphid non-transmissible plum pox virus [PPV(NAT) ; Maiss et al., 1989] ; plum pox potyvirus isolate SK68 [PPV(SK68) ; Palkovics et al., 1993] ; Potato virus A [PV(A) ; Puurand et al., 1994] ; potato virus Y [PV(Y) ; Robaglia et al., 1989] ; shallot potyvirus (SPV ; S. K Zavriev and others, unpublished) ; tobacco etch virus (TEV ; Allison et al., 1986) ; tobacco vein mottling virus (TVMV ; Domier et al., 1986) ; turnip mosaic potyvirus (TuMV ; Kim et al., 1995) ; soybean mosaic virus (SMV ; Ghabrial et al., 1990) RNA since HC-Pro is encoded by RNA-1 (analogous to the picornavirus 3CD : RNA interactions), whereas the equivalent proteolytic domain in bymoviruses is encoded on RNA-2 which is replicated in trans and, therefore, is unable to interact with RNA in cis as a replicative function.
(iii) P1 (P35) proteinase. The existence of a third proteolytic activity in potyvirus polyprotein processing was demonstrated by analysis of the expression of recombinant TEV polyproteins in transgenic tobacco (Carrington et al., 1990) . The authors postulated that the cleavage between P35 and HC-Pro was mediated either by a cryptic proteinase or a host factor. Data from the same laboratory confirmed that the 35 kDa protein was a proteinase (Verchot et al., 1991) and identified the residues essential for catalysis (Verchot et al., 1992) . The alignment of potyvirus P1 proteinases (Fig. 14) shows the catalytic His$) and Ser)" (numbering scheme used in Fig. 14) but the only position where an acidic residue is completely conserved is occupied by aspartate and glutamate (peanut stripe virus and zucchini yellow mosaic virus). The region Cterminal of Ser)" with low conservation (absent in Johnson grass mosaic virus) would correspond to the prominent surface loop joining βD # and βE # of the hepatitis A virus 3C pro -a loop in close proximity to the N terminus of the proteinase.
Concluding remarks
The adoption of the ' polyprotein strategy ' reduces the genetic control of protein expression and increases the role of biochemistry in the biogenesis of virus proteins. Encoding proteins in a polyprotein eliminates any potential for the temporal control of the expression of the individual proteins via transcription. Within the picornavirus super-group of viruses it appears, therefore, that subtle control of proteolysis by the adoption of alternative processing pathways (which can lead to alternative sub-sets of biochemical functions from the same precursor molecule) provides an alternative to the other methods of control -primarily read-through of ' leaky ' stop codons, ribosomal frame shifting and transcription of subgenomic mRNAs. The co-evolution of a proteinase with its substrate(s) has large implications for the ability of such viruses to exchange genetic information via recombination since cognate enzyme\substrate pairs must be maintained for virus viability. In addition, the interaction with RNA and other virus proteins will form further barriers to successful recombination events.
The potyvirus P1 proteinase is currently the only proteinase within the picornavirus super-group that uses a serine as the active site nucleophile, all other proteinases using cysteine, either in the form of : (i) a papain-like thiol proteinase (i.e. aphthovirus L pro , potyvirus HC-Pro), or (ii) a serine proteinase chymotrypsin-like fold (i.e. picornavirus 3C pro , como-and nepovirus 24K and potyvirus NIa proteinases). The nature of the catalytic mechanism of the chymotrypsin-like cysteine proteinases, even with the solving of two atomic structures, is not fully clear. Conservation of an acidic residue in viruses noted for their high mutation rates implies a strong selection for maintenance. That the acidic residue can be either aspartate or glutamate (pK a differing by a pH unit) in the same enzyme from different, but closely related, viruses perhaps implies an important structural role rather than a direct involvement in catalysis -although analysis of sequence alignments further illuminates with what (presumably equally conserved) feature this conserved residue interacts.
The potential of these proteinases as targets for the rational design of anti-virus drugs is enormous and provides disease control strategies which transcend serotypes. The classical approach of designing transition-state analogues for the inhibition of proteolytic activity could now be supplemented by the design of drugs which could inhibit proteinase : RNA interactions or interactions with other virus proteinsessential for the control of proteolytic processing and, quite possibly, other stages in the replication cycle.
